Standard photolithographic techniques and a nitric oxide (NO) selective xerogel polymer were utilized to fabricate an amperometric NO microfluidic sensor with low background noise and the ability to analyze NO levels in small sample volumes (~250 μL). The sensor exhibited excellent analytical performance in phosphate buffered saline, including a NO sensitivity of 1.4 pA nM −1 , a limit of detection (LOD) of 840 pM, and selectivity over nitrite, ascorbic acid, acetaminophen, uric acid, hydrogen sulfide, ammonium, ammonia, and both protonated and deprotonated peroxynitrite (selectivity coefficients of −5.3, −4.2, −4.0, −5.0, −6.0, −5.8, −3.8, −1.5, and −4.0 respectively). To demonstrate the utility of the microfluidic NO sensor for biomedical analysis, the device was used to monitor changes in blood NO levels during the onset of sepsis in a murine pneumonia model.
Introduction
Nitric oxide (NO), a diatomic free radical endogenously produced by a class of enzymes known as nitric oxide synthases (NOS), [1] [2] [3] [4] [5] [6] [7] [8] [9] plays a role in a number of physiological processes including wound healing, [10] [11] [12] angiogenesis, [13] [14] [15] [16] and the immune response. [17] [18] [19] As might be expected, the detection and quantification of NO in vivo and from NO donor scaffolds have been the subject of intense research. [20] [21] [22] [23] [24] [25] [26] [27] Measuring NO in biological systems is challenging due to NO's reactivity (i.e., short half-life), wide concentration range schoenfisch@unc.edu. COMPETING FINANICIAL INTETEREST. The authors declare competing financial interest. Mark Schoenfisch is a founder, member of the board of directors, and maintains a financial interest in Clinical Sensors, Inc. Clinical Sensors, Inc. is developing pointof-care sepsis risk assessment devices.
(pM to μM), [1] [2] [3] 28 and sample complexity. 20 Despite such challenges, direct and indirect methods for measuring NO are routinely employed to determine its concentration in biological samples. 23 Often, NO is most easily quantified by measuring its oxidative byproducts (e.g., nitrite and nitrate). In this respect, absorbance or fluorescence may be used to quantify NO upon its reaction with an assay reagent after oxidation to nitrite or nitrate (i.e., NO X ). 3, [29] [30] [31] Depending on the sample, pre-existing NO X species could be measured simultaneously and thus must be considered when determining the signal from solely NO. For example, the Griess assay is widely used to quantify NO indirectly as nitrite in solution. Nitrite and nitrate levels fluctuate in physiological milieu, [1] [2] [3] 28 making real-time NO concentration determination complex. 3 Strategies for measuring NO more directly include chemiluminescence, 32, 33 electron paramagnetic resonance (EPR) spectroscopy, 21, 32, 34 and the use of electrochemical sensors. 20, 23 Although measurement of NO by chemiluminescence or EPR allows for sensitive and direct analysis, the required instrumentation for these methods is expensive, requires extensive user training, and is difficult to adapt for analysis of challenging biological matrices such as whole blood. 35, 36 In contrast, electrochemistry allows for real-time measurement of NO in physiological media using a sensor platform that is tunable (i.e., sensor style, geometry, material, and size) based on the application at a generally low cost. 20, 21, 23, 24, 34, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] For biomedical use, electrochemical sensors are amenable to miniaturization and thus can facilitate both in vivo and ex vivo analysis. 20, 21, 51, 52 A notable obstacle for measuring NO accurately in biological milieu via amperometry is the presence of interfering species such as nitrite, acetaminophen, ascorbic acid, uric acid, hydrogen sulfide, ammonium/ammonia, and peroxynitrite that may also be redox active at the working electrode potential required for NO analysis. 20, 53, 54 Almost all effective NO sensor designs include a membrane-modified working electrode to eliminate or reduce the diffusion of interferents and concomitant erroneous sensor response. For example, working electrodes have been modified with Teflon, ® Nafion, ® and silicon rubber membranes to restrict the diffusion of nitrite and larger molecules such as dopamine and ascorbic acid to the electrode surface, relative to NO. 45, 46, 52, 55 To simplify NO sensor fabrication, we have employed xerogel sensor membranes that enable straightforward modification of a number of electrode geometries via dip-coating or casting of a sol solution. 47, 48 The ensuing xerogel-modified sensors are characterized by superior analytical performance (i.e., sensitivity and selectivity for NO).
The style of electrode platform (i.e., needle-type, planar, microfluidic) is dependent on the intended measuring environment. For example, needle-type sensors provide adequate NO sensitivity for single cell analysis. 44, 49 The sensor design requirements for blood analysis are more complex. Malinski et al. reported the fabrication of a Teflon ® -coated NO microsensor (5 μm tip diameter) to measure NO intravascularly in human subjects before and after the administration of bradykinin. 49 However, the clinical utility of such in vivo devices proved poor primarily due to biofouling (i.e., protein adsorption, platelet adhesion, and clot formation) that leads to erratic or unreliable sensor response. 56 While ex vivo measurements are possible, the most common sensor designs require large sample volumes (>1 mL) and convection that increases background noise and negatively impacts analytical performance.
In contrast to stand-alone sensors, the use of microfluidics allows for reduced sample volume and handling (e.g., elimination of mechanical convection), thus addressing the shortcomings of prior devices and analytical methodology required for clinical analysis. 57, 58 With respect to NO, Spence et al. combined microfluidics with planar carbon ink electrodes to measure NO from stimulated endothelial cells. 59 The device was fabricated using polydimethylsiloxane (PDMS) channel walls. Recognizing that NO and other gases may diffuse through PDMS, Cha et al. reported the fabrication of a catalytic gold/indium tin oxide microfluidic NO sensor using polyethylene tetraphthalate/polyurethane channels to minimize loss of NO. 60 Despite suitable analytical performance in phosphate buffered saline (PBS; 10 pA nM −1 NO), the design of this device was complex, requiring hand assembly.
Herein, we report the use of sol-gel chemistry and standard photolithographic techniques amenable to rapid, reproducible, and inexpensive fabrication of microfluidic NO sensors. The analytical performance of the device is demonstrated in simulated wound fluid and whole blood, indicating the ability to measure NO in complex media. Toward more clinical applications, the device is used to monitor NO concentrations in a murine model of sepsis confirming that NO levels increase during a systemic inflammatory response to infection. 2, 3 
Materials and Methods

Preparation of working electrodes
Planar platinum (Pt) electrodes were patterned onto on a 0.9 mm thick SCHOTT B270 glass substrate (Telic Company; Valencia, CA) via photolithography and evaporative metal deposition. Glass substrates (100 × 100 mm) were cleaned with distilled water, isopropanol, nitrogen gas, and then dried at 95 °C for 5 min. After cooling to room temperature, Microposit S1813 photoresist (Microchem Corp.; Newton, MA) was deposited via spincoating at 3000 rpm for 45 s. The substrate was then soft-baked at 115 °C for 2 min. An electrode pattern was exposed through a polyester film/emulsion photomask (Infinite Graphics Incorporated; Minneapolis, MN) for 10 s using a Karl SÜSS MA6/BA6 mask aligner (hard contact, 100 μm gap) equipped with a 350 W UV lamp (SÜSS Microtec; Garching, Germany). The pattern was developed in an AZ400 alkaline developer (1:3 dilution in water) for 1 min, rinsed with distilled water, dried with nitrogen gas, and then baked on a hotplate at 115 °C for 2 min. The exposed glass surface was oxygen plasma cleaned at 100 W for 1 min. To fabricate working electrodes, 10 nm Ti and 150 nm Pt were deposited in a Kurt J. Lesker PVD 75 magnetron sputtering system (Clairton, PA). The substrate was soaked in acetone to liftoff the remaining photoresist and excess metal resulting in 100 μm wide patterned Pt electrodes on glass.
Membrane synthesis and deposition
Working electrode-modified glass substrates were rinsed with distilled water, dried with nitrogen, and heated at 95 °C for 5 min. Substrates were then oxygen plasma cleaned at 100 W for 1 min. The membrane deposition regions were masked by evenly applying 1002F-50 photoresist (prepared as previously described 61 ) by spin-coating at 500 rpm for 10 s, 3000 rpm for 40 s, and heating at 95 °C for 1 h on a hot plate. The electrode pattern was exposed through a chrome mask for 80 s using the mask aligner. Following exposure, the substrate was baked on a hot plate at 95 °C for 10 min. The pattern was developed in SU-8 developer (Microchem Corp.; Newton, MA) for 6 min, rinsed with isopropanol, dried with nitrogen, and baked on a hotplate at 115 °C for an additional 10 min. An adhesion layer of APTES was deposited via three 5 mL injections at 130 °C using a LabKote vapor deposition system (Yield Engineering Systems; Lawrence, CA). The fluoroalkoxysilane membrane solution was prepared via the acid catalyzed hydrolysis and condensation of 17FTMS and MTMOS as reported previously. 47 Briefly, 600 μL absolute ethanol, 120 μL MTMOS, 30 μL 17FTMS, 160 μL distilled water, and 10 μL 0.5 M HCl were added sequentially to a 1.5 mL microcentrifuge tube with vigorous mixing between the addition of each component. This solution was then vortexed for 1 h. Working with 16 electrode batches, 30 μL of the sol solution was spread-cast across the working electrodes using a pipette tip for 1 min to ensure even coating. The xerogel-coated substrate was then dried overnight under ambient conditions to facilitate adequate curing. The 1002F-50 photoresist was removed by soaking the substrate for 1 h in distilled water. Membrane thickness was characterized using a P15 Profilometer (KLA-Tencor Corp.; San Jose, CA).
Microfluidic device fabrication
Reference electrodes were fabricated on separate glass microscope slides. The slides were oxygen plasma cleaned (100 W, 5 min) and masked with tape so that only the middle third of each slide remained exposed. Reference electrodes were deposited in this region by first sputtering a 10 nm Ti adhesion layer followed by a ~1 μm Ag layer in the magnetron sputtering system. To form channel walls, two parallel strips of 6.3 mm double-sided Kapton ® polyimide tape (90 μm thick, KaptonTape.com) were applied ~3 mm apart and perpendicular to the Pt electrodes on the working electrode substrate. The reference electrode slide was then bonded to the working electrode substrate (reference electrode facing down) by aligning and clamping the components together with spring clamps and heating at 100 °C for 5 min. After the ends of the channel were sealed, 8 mm diameter inlet/ outlet reservoirs were affixed to the device using a high-strength, chemical-resistant epoxy (Loctite® Professional Heavy Duty 5 min; Westlake, OH). Electrical wires were soldered directly to the solder-on pads of each electrode facilitating an electrical connection to the potentiostat. Prior to using the device to measure NO, the Ag electrode was chemically oxidized by reaction in 50 mM ferric chloride for 10 s to create a pseudo-reference/counter electrode. Following this process, the device channel was rinsed with distilled water.
Microfluidic device characterization
To evaluate the performance of the microfluidic device, the working and reference/counter electrodes were connected to a CH Instruments 1030A 8-channel potentiostat (Austin, TX). Gravity solution flow (~100 μL min −1 ) was employed to move sample through the device by attaching a 40 mm piece of Tygon ® tubing to the inlet reservoir. This location served as the introduction site. Prior to sample analysis, the device was polarized at 700 mV vs. the Ag/AgCl pseudo-reference/counter electrode for up to 1 h in PBS. To calibrate the device, a saturated NO standard solution (prepared by purging deaerated PBS with NO gas for ~10 min resulting in a 1.9 mM solution of NO) was diluted with PBS and introduced into the inlet reservoir. To assess the selectivity of the sensor for NO, separate solutions of nitrite, acetaminophen, ascorbic acid, uric acid, hydrogen sulfide, ammonia/ammonium, and peroxynitrite (protonated and deprotonated) were injected into the device. The sensitivity of the microfluidic sensor to NO was also tested in both simulated wound fluid (10% v/v fetal bovine serum in water) and anti-coagulated porcine whole blood. In these experiments, select volumes of the saturated NO solution were added to 2 mL aliquots of blood, mixed briefly, and added to the sample reservoir. For wound fluid testing, increasing volumes of saturated NO were added to 30 mL of wound fluid, mixed, and added to the sample reservoir.
Animals
Murine sepsis experiments were performed using C57Bl6/J mice that had free access to food and water, and were maintained on a 12 h light/dark schedule. Animal studies were performed in accordance with National Institutes of Health Guidelines and approved by the Emory University Institutional Animal Care and Use Committee (IACUC). To initiate pneumonia-induced sepsis, mice were anesthetized using isoflurane and then received a mid-line cervical incision. A total of 40 μL of Pseudomonas aeruginosa (ATCC 27853) suspended in normal saline was then introduced by direct intratracheal installation using a 28-gauge needle, corresponding to 2-4 x 10 7 colony-forming units. 62, 63 To enhance delivery of the bacteria into the lungs, mice were held vertically for 10 s. All mice received a subcutaneous injection of saline (1 mL) post-operatively to compensate for insensible fluid losses. For NO measurement, 250 μL of blood was obtained via cardiac puncture (while the animals were under anesthesia) at the time of sacrifice. The blood was immediately transferred to an EDTA tube, mixed, and injected onto the sample port of the microfluidic device. Blood samples from unmanipulated mice in the absence of bacteria exposure were used as the 0 h time point for NO analysis and evaluated throughout the experiment as controls. Additionally, all sensors were calibrated before, during, and after animal experiments.
Statistical analysis
Murine sepsis data were analyzed using OriginPro 7.0 (OriginLab; Northampton, MA) and presented as mean ± standard error of the mean. Comparisons between groups were performed using the Wilcoxon rank-sum test with P < 0.05 considered to be statistically significant.
Results and Discussion
Working electrode compositions for NO analysis have spanned many materials including carbon ink, 59 gold/indium tin oxide, 64 and platinum. 48, 65 Platinum (Pt) working electrodes were utilized for this study due to availability, compatibility with our microfabrication equipment, and inherent robustness for sensor applications. Working electrodes were deposited by metal evaporation using standard photolithographic techniques. Clean glass was first modified with a thin (10 nm) layer of Ti to improve the adhesion of Pt at the desired thickness (150 nm), with metal thickness monitored using a quartz crystal microbalance.
Prior to xerogel modification, an ethanol-resistant photoresist (1002F-50) mask was applied over the entire substrate to enable selective deposition of the membrane solution over only the working electrodes after UV exposure and processing. To ensure selectivity for NO over interfering species, a 20% (v/v) 17FTMS-MTMOS fluorinated alkoxysilane xerogel membrane was deposited onto the microfabricated working electrodes. Selectivity for NO using xerogel sensor membranes was modified slightly from what we reported previously for Pt-coated tungsten conical wire electrodes. 47 Of note, spread-casting of the sol was necessary to enable reproducible coating of the planar Pt electrodes; dip-coating of this substrate (in sol) did not allow for sufficient control over the ensuing xerogel thickness. The spread-casting process consistently produced xerogel membranes that were 129 ± 59 nm thick, robust (i.e., scratch resistant) and capable of withstanding subsequent solution immersion (for use as sensors) without delamination or cracking of the films.
Before microfluidic device fabrication, the xerogel-coated Pt electrodes were characterized with respect to NO sensitivity and selectivity over common interferents in a stirred solution of PBS. An unforeseen benefit of the cast NO-selective membrane was reduced background signal and noise while making measurements. While the sensitivity of the membrane-coated Pt electrodes to NO was reduced by ~10% relative to bare electrodes (2.2 to 2.0 pA nM −1 NO, respectively), the decreased noise allowed for an improved limit of detection (260 vs. 6 nM NO for bare vs. xerogel-coated, respectively). Analogous to our previous wire-based electrodes, 47 the sensitivity of the xerogel-modified electrodes to NO was ~4 orders of magnitude greater than most of the interferents tested (nitrite, ascorbic acid, acetaminophen, uric acid, hydrogen sulfide, ammonia/ammonium, peroxynitrite).
A microfluidic device was fabricated by placing a glass substrate patterned with a Ag reference electrode on top of a ~3 mm wide microfluidic channel formed by applying two strips of double-sided Kapton ® polyimide tape (~90 μm thick) across the working electrode substrate. A cutaway illustration of the device fabricated in the manner is shown in Figure 1 . A deep, wide channel was chosen for this design to allow for adequate flow of more viscous biological fluids like blood or plasma. The addition and removal of sample were accomplished by fixing glass (8 mm diameter) reservoirs over the inlet and outlet vias with epoxy.
The fully-assembled device was characterized using constant potential amperometry at a working electrode potential of +700 mV vs. Ag/AgCl pseudo-reference/counter electrode. To achieve a steady baseline current, the device was polarized in PBS for ~1 h prior to testing. Nitric oxide calibration curves were constructed by adding 1.6 μL aliquots of saturated NO to a PBS solution and transferring ~1 mL of this solution to the sample inlet reservoir of the device. Measurements were recorded upon stabilization of the oxidation current. The NO solution in the reservoir was then replaced with another NO solution of a different concentration. As shown in Figure 2 , the response to NO for bare and membranecoated electrodes in the microfluidic device geometry was 2.0 and 1.4 pA nM −1 NO, respectively. As would be expected, the xerogel-coated electrode was characterized by a lower sensitivity than the bare electrode due to slowed NO diffusion across the membrane to the electrode surface. In addition, sensor response to NO for both the bare and coated electrodes was lower for the microfluidic devices relative to the entire glass substrate (described previously) because the channel exposes only a portion of the actual working electrode area patterned onto the glass.
Despite lower sensitivity when encased within the microfluidic device, the limit of detection for both the bare and coated microfluidic electrodes were 880 and 840 pM NO, roughly 1 log lower than the same electrodes prior to device fabrication. The improved limit of detection is attributed to lower noise due to the elimination of bulk convection and oscillating magnetic field from the stir plate. Furthermore, the use of gravity flow avoids pulsatile noise common to peristaltic pumps. For the device configuration described, volumes as low as 250 μL were adequate for successful NO analysis. By integrating a pulsatile-free flow control device (e.g., a venturi or syringe pump) and/or reducing channel width, even smaller volumes are conceivable. The response of the xerogel-coated electrode to nitrite, ascorbic acid, acetaminophen, uric acid, hydrogen sulfide, ammonium, ammonia, and peroxynitrite (both protonated and deprotonated) was exceptionally low. The difference in selectivity between bare and xerogel-coated electrodes is provided in Table 1 . Of note, an improvement in selectivity over most interferents was observed using the xerogel membrane. The presence of ammonia was the exception, although the response to ammonia is of minimal concern as this species would not be present at high concentrations at physiological pH (7.4) .
Microfluidic NO sensor response in physiological fluids
The analytical performance (i.e., sensitivity and selectivity) of the microfluidic NO sensor was characterized in wound fluid and whole blood to determine clinical analysis potential. Despite the presence of proteins, the microfluidic NO sensor proved capable of measuring NO in simulated wound fluid (10% FBS in water, v/v, based on the composition of interstitial fluid), a clinically relevant sample for which NO analysis may prove useful due to NO's role in wound healing. [10] [11] [12] 66 Boykin recently suggested that NO could be used as a prognostic biomarker for assessing wound healing if easily measured in wound extracts. 66 The microfluidic sensor responded to NO additions in the simulated wound fluid sample with a LOD of 18 nM, roughly 20 times poorer than in PBS. The increased NO detection limit is attributed to NO scavenging, as would be expected for proteinaceous solutions. Indeed, the LOD was increased further in whole blood.
Measurement of NO in whole blood is believed to be difficult due to NO scavengers such as hemoglobin. [67] [68] [69] To calibrate NO sensitivity accurately, aliquots of a saturated NO solution were added to 1 mL samples of porcine blood prior to transfer into the microfluidic device. As shown in Figure 3 , the addition of saturated NO solution was readily measurable, producing currents proportional to the amount of NO spiked into the blood up to 100 μM. Of note, care was taken to minimize the period between NO injection into the blood and the analysis to avoid degradation of the NO signal due to reaction with scavenging species present in the blood. As shown in Figure 3 , the signal did decay over time (within ~100 s), indicating the prevalence of, and problems associated with, NO scavenging/loss.
Although the sensitivity to NO in blood was decreased relative to PBS (0.0035 vs. 1.4 pA nM −1 NO), the reduced noise characteristic of the microfluidic device configuration still enabled a satisfactory LOD (472 nM NO). A LOD of ~500 nM is likely sufficient for studying a number of NO-mediated disease states where NO concentrations have been reported in the μM range. 2, 3, [70] [71] [72] [73] [74] Of note, slightly greater sensitivities (0.0125 vs. 0.0035 pA nM −1 NO) were observed for larger NO concentration ranges (i.e., 20-100 μM NO). We attribute this response to the greater concentration of NO relative to potential scavengers in blood.
Nitric oxide levels in sepsis
Sepsis is a systemic inflammatory response caused by severe infection and characterized by a multifaceted immunologic response consisting of an initial hyperinflammatory phase and subsequent immunosuppression. [75] [76] [77] [78] Due to NO's role in the immune response to pathogens, [17] [18] [19] previous studies have monitored plasma concentrations of nitrate and nitrite -both stable end products of NO oxidation in vivo-using the Griess assay to assess their role as biomarkers of sepsis. As expected, large concentration changes were observed for severely septic patients. 2, 3, 79 While indirect NO monitoring via the Greiss assay may provide some insight into changes in NO dynamics throughout the progression of disease, blood sample processing and poor LOD preclude bedside monitoring and/or sepsis risk assessment (at pre-severe disease levels). In contrast, the microfluidic NO sensor described herein may represent a strategy for point-of-care monitoring of NO directly in whole blood. To evaluate the ability to assess sepsis progression, we infected mice with a single but lethal (96% mortality within 48 h) dose of P. aeruginosa (2-4 x 10 7 colony-forming units). A group of unmanipulated animals (n=8) was used as the 0 h-time point to represent healthy or baseline blood NO concentrations. Blood was sampled from infected mice at 2, 6, and 24 h (n = 8, 10, and 13 animals per group, respectively) throughout the course of sepsis progression. As expected, blood NO concentration changes over 2, 6, and up to 24 h after introduction of bacteria were statistically significant, reaching 82 ± 12 μM at 24 h. This 8fold increase agrees with those reported previously by indirect detection of NO X species. 2, 3, 79 For example, Strand et al. reported a 7-fold increase in average NO X concentration in human patients with sepsis (144 ± 39 μM) relative to healthy patients (20 ± 3 μM). 2 The observed large increase in blood NO in this study is not surprising given the lethal bacterial dose administered. Future experiments will employ a lower, less lethal dose of P. aeruginosa and smaller measurement intervals, if necessary, to study the onset of sepsis.
Additionally, the effects of other bacterial strains and antibiotic treatment on blood NO levels will be assessed to more fully gauge the suitability of NO as a sepsis biomarker and prognosis indicator upon treatment.
Conclusions
Herein we describe the use of standard photolithographic microfabrication techniques to construct a microfluidic NO sensor. The use of a NO-selective working electrode and microfluidic geometry enable highly sensitive detection of NO in both PBS and more challenging biological matrices including simulated wound fluid and whole blood. The analytical performance of the microfluidic sensor was dependent on sample milieu, with excellent sensitivity and selectivity for NO in PBS. As expected, the response of the device to NO in biological fluids was attenuated due to scavenging of NO by proteins. Nevertheless, the 472 nM LOD in blood is the lowest reported to date using direct electrochemical detection. The microfluidic device configuration enables rapid analysis of NO at low concentrations and in small (~250 μL) sample volumes that may prove useful for studying NO's action as a potential disease biomarker and/or therapeutic. As an example, whole blood NO levels changed dramatically in a pneumonia mouse model of infection indicating NO's potential as a biomarker for sepsis.
Figure 1.
A) Cutaway illustration of electrode locations and channel construction; and, B) fully assembled device with inlet and outlet reservoirs. Temporal changes in blood NO concentrations during the progression of sepsis in a pneumonia murine model of sepsis. Each data point represents the average ± standard error of the mean for a group of mice of n ≥ 8. *denotes a significant difference in blood NO relative to the 0 h unmanipulated group (p < 0.05). Table 1 Selectivity coefficients of common interferents for both bare and xerogel-coated platinum working electrodes.
Interferent Selectivity (coated) Selectivity (bare)
Hydrogen sulfide < −6.0 −0.5 
Ammonium
